There are four key aspects for water use in hydraulic fracturing, including source water acquisition, wastewater production, reuse and recycle, and subsequent transportation, storage, and disposal. This work optimizes water use life cycle for wellpads through a discrete-time two-stage stochastic mixed-integer linear programming model under uncertain availability of water. The objective is to minimize expected transportation, treatment, storage, and disposal cost while accounting for the revenue from gas production. Assuming freshwater sources, river withdrawal data, location of wellpads and treatment facilities as given, the goal is to determine an optimal fracturing schedule in coordination with water transportation, and its treatment and reuse. The proposed models consider a long time horizon and multiple scenarios from historical data. Two examples representative of the Marcellus Shale play are presented to illustrate the effectiveness of the formulation, and to identify optimization opportunities that can improve both the environmental impact and economical use of water.
Introduction
With the advancement in directional drilling and hydraulic fracturing, shale gas is predicted to provide 46% of the United States natural gas supply by 2035 1 . The number of wells drilled in the Marcellus shale play has increased from storage, and disposal while also accounting for the revenue of gas production within the specified time horizon. This time horizon must be at least one year to capture the seasonal availability of water. Assuming that freshwater sources, river withdrawal data, location of wellpads and treatment facilities are given, the goal is to determine an optimal fracturing schedule and recycling ratio. Since this is a difficult problem to model and solve, we intend to consider as a first step freshwater acquisition.
The paper is organized as follows. The freshwater handling section accounts for the trade-off between water availability and freshwater transportation cost, as well as environmental implications of transportation. We next address in the wastewater handling section the problem that considers the entire economic optimization, including water treatment, storage, disposal, and income from gas production. In each section, relevant background is introduced first, followed by a general problem statement, its optimization formulation, and an example to illustrate the application of the optimization model. We focus on applications in the Marcellus Shale play although the proposed models can be used in other shale gas formations.
Freshwater handling Background
The conventional sources for water used in hydraulic fracturing includes surface water, ground water, treated wastewater, and cooling water. The most common one is surface water such as lakes or rivers, which typically costs about $1.76-3.52/m 3 in the state of Pennsylvania. On the other hand, some operators are exploring the possibility of using not allowed. There are two options on how to use these historical data to account for uncertainty in the water supply.
The first option is to determine for each day of the year the mean value of the water flowrate over the number of years, R. Alternatively, we can treat data from each calendar year as a scenario, each with equal probability, 1/R, and formulate the problem as a two-stage stochastic programming problem 7 . The first stage decisions determine the dates to fracture each wellpad and number of stages to stimualte per day, and the second stage decisions determine the amount of water for pumping and trucking from the water sources to their respective impoundments on each day. In this paper, we consider the second approach.
The scheduling problem can be formulated through a discrete-time model using as a basis the state-task network (STN) representation for batch scheduling 8 . The STN representation consists of three major elements: states, tasks, and equipment. Similar to STN-based batch processing models, the processing tasks in the context of this work correspond to the fracturing of the wells on each wellpad. These tasks require the assignment of frac crews and then drilling equipment to the wellpads as shown in the superstructure in Figure 7 . The states correspond to the water sources and impoundments that feed into the wellpads. The flowback water is not shown in Figure 7 since we do not consider water treatment and reuse as will be done later in problem II.
The assumptions made in the formulation of the model are as follows:
1. Each of the interruptible sources is connected through piping to an impoundment that serves as a buffer tank for the storage of freshwater. The combination of an interruptible source and its impoundment is defined by t.
2. Each wellpad is connected to exactly one of the impoundments through piping.
3. The pumps can only operate from the impoundment at the maximum rate, or they do not pump at all.
4. The wells in each wellpad are aggregated (i.e. each well has a fixed number of stages, and the wellpad is characterized by the total number of stages of the wells on the pad). All wells on the same wellpad are completed before the frac crew is transferred to another wellpad.
5.
A fixed percentage of freshwater is supplied for frac fluid from the uninterruptible and interruptible sources.
6. Only existing water pipelines are considered.
7. Since the distance between the uninterruptible source and the wellpads is significantly further than the distance among wellpads, trucking cost is assumed to be volume-dependent only. Allocation constraints. Constraint (1) specifies that each wellpad s has to be fractured exactly once at a given date d, for a number of stages to frac per day c, and by crew j.
Constraint (2) represents a backward aggregation constraint from the STN model 9 that ensures there is no overlap between different wellpad operations for each frac crew j,
where D sc represents the duration of the hydraulic fracturing, CT The volume of water required on the last day ds f w sc , is determined by the stages left for completion as shown in Figure   8 .
Constraint (4) describes the total daily freshwater use from each impoundment to T P st between the impoundments t and the wellpads s.
The daily impoundment level V d rt for a given scenario year r is tracked by the following mass balance (5) .
where the volume on a given day, V d rt , is determined by: i) the volume in the previous day, ii) plus water pumped from the interruptible source, iii) minus total freshwater used from the impoundment, iv) and plus water transported by trucks.
Date restrictions. The dates for fracturing each wellpad are limited by several factors. For example, stimulation cannot start until two weeks after drilling is completed due to the time needed to remove the rig and to prepare the well for completions. Since temporary water pipelines have to be connected between the impoundments and the wellpads, stimulation cannot begin until the pipelines are secured. In addition, gas pipelines have to be installed before the frac is completed. These can be enforced by setting the binary variable y dj sc to zero for the durations of restricted time period.
In addition, constraint (6) ensures that a target number of stages T is completed by a given date E within the time horizon, and where f D sc is the time it take to fracture a wellpad s with c stages. The total number of stages for a given wellpad s is denoted by sgT s .
A frac holiday of length hD can be incorporated in the model by constraints (7) and (8) . (7) is a big-M constraint that disallows operation during the holiday period. Constraint (8) indicates that only one frac holiday is allowed.
where z d indicates the starting date for the frac holiday.
In addition, each wellpad s has to be completed before the end of the time horizon. In constraint (9), we ensure that a wellpad cannot start stimulating after f D sc days prior to the last day of the time horizon.
Objective. Finally, the objective function (10) minimizes the expected transportation cost from trucking and pumping, which is defined for the scenarios given by the R years of historical data.
The MILP model given by Eqs. (3) - (10), defines then the formulation for the freshwater acquisition problem I.
It is a two-stage programming problem where the stage-one decisions correspond to the variables y 
Example 1
We consider an example with 14 wellpads, 540 days discretized at one day per time period, one uninterruptible freshwater source, two interruptible sources connected to impoundments, and one frac crew. The data are given in Tables 1 and 2 The result is compared against a heuristic schedule shown in Table 3 . The heuristic schedule considers all 30 years of historical water withdrawal data on a daily basis. The total expected cost is reduced by $2.4 million (from $15,791,963 to $13,360,915). Note that the total amount water consumed in both schedules is the same, 1.1 million m 3 .
However, the trucking cost is reduced from $5.9 million to $569,000, which is one order of magnitude improvement.
This is an important result since it means that instead of requiring approximately 14,010 one-way truck trips, the 14 wellpads can be fractured using only 1,350 truck trips, representing only 2.4% of the overall water requirement. This also means that the CO 2 emissions from trucking are reduced from 630 metric tons down to 60 metric tons. Thus, both cost and environmental benefits can be achieved through more efficient use of the water available in the interruptible sources.
The reason behind the improvement can be explained through a comparison between the optimized schedule against the heuristic schedule of the 14 wellpads as shown in Figures 9 and 10. As can be seen in Figure 9 , the schedules are quite different as they involve different sequences and number of stages. For example, wellpad H requires 2 stages per day in the heuristic schedule, while the optimal MILP schedule involves 4 stages per day, and therefore it is completed in half the time. In Figure 10 , the average daily impoundment storage levels between the heuristic schedule and the optimized schedule are compared. Note that the curve representing the optimized schedule generally lies on top of the heuristic curve, which indicates that the optimized schedule manages to obtain higher water availability from the interruptible sources. As a result, less trucking is required, the infrastructure investments are better utilized, and savings in transportation cost can be achieved.
In addition, the choice of transportation affects the rate at which the wellpads are stimulated. Figure 11 shows the daily truck use for the two schedules. Clearly the heuristic schedule requires significantly more trucking. Wellpad H is fractured in early fall when there is less water available in the impoundment since a large volume is required to be trucked to H at the beginning of the period. Due to the higher cost of trucking, the heuristic schedule chooses to fracture H at the slowest rate possible (2 stages per day). In contrast, the optimized schedule fractures H at 4 stages per day since it can be stimulated at a later date when there is more water in the impoundment, so fewer truck trips are required for this specific wellpad.
It is interesting to note that if we solve the MILP model governed by Eqs. (3) - (10) as a deterministic model using the mean values for the historical flowrate data, this yields a smaller MILP problem with 9,776 binary variables, 57,241 continuous variables, and 10,829 constraints. The problem was solved to optimality in only 18.5 CPUs. However, when we fix the stage-one decisions of deterministic solution, and solve the stochastic programming model over the 30 scenarios, we obtain an expected cost of $15,796,516, which in fact is worse than the heuristic solution and significantly higher than the expected cost of $13,360,915. Therefore, the value of the stochastic solution 7 in this example is $2,435,601.
Wastewater handling Background
In the next section of the paper we extend the MILP model for Problem I so as to account for treatment and reuse of the water. Once the frac fluid is injected into the wellbore, approximately 60-90% of the water used in fracturing does not return to the surface since it is trapped within the formation 11 . In the first few weeks there is flowback water, which is characterized by high volumetric flowrate and relatively low total dissolved solids (TDS) concentration as shown in Figure 12 . Flowback water includes contaminants such as TDS, total suspended solids (TSS), organics, and metals 3 .
The longer the frac fluid remains below ground, the more pollutants the fluid absorbs. For example, Marcellus is a highly desiccated formation due to high capillary binding. As a result, only 10 -15% of the injected fluid will return as flowback water within the first two weeks. Water that returns to the surface after the initial stage is produced water, which consists of a combination of injected frac fluid as well as the water that exists in the formation. Produced water is removed from the gas at the wellpad before the gas is delivered into the gas pipeline. In general, produced water has high salinity (>120,000 ppm) and low flowrate. High purity of water is, however, not required for hydraulic fracturing. As a result, salt removal is uncommon among shale gas operations. In order to perform the treatments, there are mobile units and recycling facilities. A mobile treatment unit can be located on a wellpad, whereas a recycling facility is typically further away but has a higher capacity. The mobile treatment unit is highly desirable and takes only 2-3 days to set up. However, the time that is required to obtain the permit for the unit could be very long.
Another major step in water use for shale play involves storage of both freshwater and wastewater. Freshwater is typically stored in open impoundments, while wastewater is heavily regulated and typically stored in frac tanks 13 .
Each barrel of flowback and produced water is tracked. Even after extensive treatment, the flowback water is prohibited from being discharged without extensive permitting. Figure 13 shows a wellpad with both an impoundment and frac tanks. When a well is ready to be stimulated, streams from both storage containers and impoundment are mixed together and pumped down the wellbore. in the Marcellus, partially due to the cost-prohibitive nature of disposal. However, when the natural gas price drops, most gas operators have no choice but to stop stimulating wells, and transport the flowback water to disposal wells.
Problem statement II
In problem statement I only freshwater consumption was considered. However, strategies for reuse, recycle, storage, and disposal options can offer opportunities for reducing overall water management cost. In order to address both water quality and quantity issues, we develop a more comprehensive model by considering the handling of flowback wastewater, as well as the revenue from gas production, which was not considered in problem I.
In addition to the information given for Problem I, we assume that wellpad decline curves (Figure 14) are given by Arps decline curve 15 , which indicate the production profile of the wellpad over time.
The decline curve is described by the following equation,
where P 0 is the initial production level, b and D are adjustable parameters.
There are also a number of frac tanks on the wellpad. The location and capacity of treatment facilities is also given, as well as their capability of removing the contaminants. As in problem I, we assume that the availability of interruptible sources of water is uncertain, and modeled with R scenarios from historical data. Finally, we assume that the price of natural gas is given as a function of time (see Figure 15) . The goal is then to determine the fracturing schedule as well as the logistics for water acquisition, flowback reuse and treatment. The objective is to maximize the profit given by the income of gas production, minus the expected cost of transportation, treatment, storage, and disposal. We have seen in Problem I that the optimized schedule spans a similar time horizon as the heuristic schedule.
However, for Problem II the sooner the wellpads are completed, the sooner they can start producing gas, thereby potentially increasing the income, and hence the profit.
In order to model this problem, we rely on the superstructure representation shown in Figure16 to account for the alternatives of interest. In addition to the freshwater acquisition structure from Problem I, we have additional treatment units for removing TSS in the flowback water, a set of frac tanks at each wellpad to store incoming wastewater, and finally, the unused flowback water a given wellpad can dispose. In terms of the STN, the treatment facilities represent additional tasks, while the treated wastewater corresponds to additional states.
The major assumptions for Problem II are as follows:
1. Freshwater trucking cost is only volume-dependent.
2. Wastewater trucking cost is volume and distance-dependent to allow for recycling among geographically proximate wellpads.
3. The wells on each wellpad are aggregated.
4. Arps decline curve is used to estimate gas production profile.
5.
A fixed percentage of total water used in fracturing must be freshwater.
6. Only the first two weeks of flowback water can be treated and recycled.
7. There are existing temporary wastewater piping connections between a selected set of wellpads and treatment facilities.
Optimization model II
In addition to constraints (3) - (9), we consider for the two-stage programming model the following additional constraints (12) -(18) to account for flowback water. 
The mass balance for the frac tanks on a given wellpad is represented by (13). The volume on a given day, V 
Constraints (14) and (15) determine the flowback water produced from each well after completing all the stages for a given wellpad. Constraint (14) determines the flowback profile up to two weeks after completion from the parameter The daily level connects the following terms: i) storage level of the previous day, ii) plus water transported from the wellpads to the treatment facility f tw,d
sq , and iii) minus water transported to wellpads from the treatment facility f wt,d
sq .
Constraint (17) specifies the storage capacity CAP q at the treatment facilities.
Objective. Finally, equation (18) represents the objective function of problem II, the expected net profit. It has the following terms: i) expected freshwater transportation cost, ii) flowback water treatment and disposal cost, iii) trucking cost of freshwater to compensate for recycled water deficit, iv) trucking and pumping cost to treatment facility, v)storage of flowback water, and vi)revenue from gas production. 
Example 2
We expand on example 1 which has 14 wellpads, 540 days, 2 impoundments. We allow for the addition of a second crew, with which the crews can be assigned to no more than 2 wellpads. In addition, there are two wastewater treatment facilities, one of which uses electric coagulation and the other one uses filtration. The difference between the two treatment facilities lies in the location, the treatment and storage capacity, as well as the cost of treatment.
Data of the problem are given in Table 4 . For each of the wellpads, we assume its flowback curve and decline curve are given to model the wastewater and natural gas production levels as indicated in Figure The result of using the MILP formulation for problem II is shown in Table 5 , in which the expected profit for the MILP schedule is about 19% higher than the one of the heuristic schedule ($214.15 million vs. $ 180.27 million).
There are reductions in both expected freshwater trucking cost and disposal cost, which are important cost factors in the completion process. As a result, the total cost is reduced from $25.02 million to $23.41 million. Furthermore, the revenue from gas production is increased from $205.29 million to $237.56 million, a 15.7% increase.
Due to the efficient reuse of flowback water, a saving of 15,860 m 3 of freshwater can be achieved out of the total volume required for all 14 wellpads (1.29 million m 3 ). The saving comes from the reduction of freshwater used to make up for the deficit in recycled water. Since the use of recycled water is assumed to be capped at 15% of the total volume required to frac the well, the freshwater saving achievable is relatively small. Nonetheless, the saving in freshwater also implies that less disposal of flowback water is required.
The schedule comparison for fracturing the wellpads is shown in Figure 18 . There are three observations worth noting from the resulting schedule. First, unlike the heuristic schedule, there is no break between the first group of wellpads, namely, C,D,G,E,N,A,B, and F. This tightness in schedule improves the recycling efficiency of the flowback water. The second note is that wellpads L and M are stimulated in parallel in the winter when the gas price is high, leading to higher revenue. Finally, most of the wellpads are completed sooner in the optimized schedule, and this front-loading scheme allows for a higher overall production level to be achieved within the time horizon under consideration.
Conclusion
In this work, two-stage programming MILP scheduling formulations have been proposed for shale plays water management. The goal in Problem I is to balance the trade-off between water acquisition from uninterruptible sources that are available throughout the year but require more expensive truck transportation, versus acquisition from interruptible sources that can be transported with pipelines at lower costs but are not available throughout the year. An effective STN-based model has been developed for this problem. This model has been extended to handle a combination of disposal options with alternatives for recycling and reuse of flowback water, while accounting for the income from the sales of natural gas. Using two test cases from operations in the Marcellus Shale development, we have shown the these models yield cost reduction, revenue enhancement, reduced freshwater consumption, as well as reduced CO 2 emissions from transportation. Finally, it should be noted that the models proposed in this work can be coupled with investment models for shale gas supply chain such as the MINLP model proposed by Cafaro and Grossmann 16 .
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